Three nanofiltration (NF) membranes with a chlorine tolerance Z 1 mg L À1 were applied to reduce DBPs and their precursors in swimming pool water. A lab scale plant with crossflow modules was installed in by-pass at the sand filter outlet of a swimming pool for a period of several weeks. The chlorine tolerances of the membranes SB90 and NP030 were found to be adequate for filtration under swimming pool water conditions over the given experimental period.
INTRODUCTION
Public swimming pools are of utmost importance for the sportive and recreational life all over the world. Because of the constant water circulation and the ever-changing number of bathers a flexible and effective pool water treatment is needed. Disinfection is one of the central aspects in swimming pool water treatment (SPWT) to ensure the bathers' hygienic safety and to avoid the outbreak of diseases. Although germs are removed to some extent during the flocculation-filtration, the addition of a disinfectant to the pool water is required. Chlorine-based chemicals are preferable because of the fast reaction and the need of long-term disinfectant capacity (Carlson & Haesselbarth 1972) . However, due to its high oxidation potential chlorine reacts with organic and inorganic substances brought into the water by bathers and by the fresh water. These reactions result in an enhanced chlorine demand and the formation of so called disinfection by-products (DBPs) including e. g. trihalomethanes (THM), chloramines, nitrosamines and further substances with irritating, or even toxic and mutagenic properties (Judd & Black 2000; Walse & Mitch 2008; Li & Blatchley 2007; Richardson 2008) . Swimming pool attendance and the exposure to certain DBPs have been related to irritating effects (Erdinger et al. 1998) , asthma (Bernard et al. 2006 ) and bladder cancer (Villanueva et al. 2007) . Studies conducted by Aggazzotti et al. (1995) , Erdinger et al. (2004) and Villanueva et al. (2007a) deal with possible uptake pathways of DBPs during pool attendance. Basically, volatile DBPs such as THMs can be taken up via inhalation, dermal absorption and ingestion. By entering the blood circuit via different routes of exposure, further organs beside the lung can be harmed. Volatile DBPs are of special concern in indoor swimming pools where the air exchange is usually lower than in outdoor swimming pools.
Pool water quality in public swimming pools in Germany is regulated by DIN 19643, part 1 via limits for combined chlorine and THM as indicator parameters for DBPs. It has been shown that in times with high bather load conventional treatment (flocculation-sand filtrationchlorination) is not able to eliminate pool water contaminants sufficiently Zwiener et al. 2007) , and accumulation of contaminants and DBPs in the swimming pool water treatment cycle may occure. Often dilution by the addition of fresh water is the only way to maintain the required water quality in periods of high visitor attendance. Increased water and energy costs have to be accepted, the latter especially for heating of the fresh water. Therefore, the application of advanced treatment technologies in swimming pool water treatment has been gaining importance over the last decade.
Treatment concepts based on ultrafiltration (UF) show promise to be an alternative to conventional sand filtration (Peters 2004; Frimmel et al. 2004) . Because of its limited ability to remove dissolved substances, UF usually is used in combination with an adsorption or oxidation step in SPWT. Several studies show the successful application of UF in SPWT (Hobby et al. 2004; Barbot & Moulin 2008; Mü ller et al. 2008 ). Some will be integrated into part 6 of the German standard DIN 19643, which actually is being worked out by a standardization committee. UF in combination with reverse osmosis (RO) has been applied frequently in the treatment of swimming pool backwash water in order to reduce water and energy costs (Reimann et al. 2005; Peters 2004 ). Due to the low chlorine resistance of RO membranes, free chlorine has to be removed prior to RO. Nanofiltration (NF) is another technique with high potential for the retention of dissolved substances. The transmembrane pressure required for NF and hence the resulting energy costs are considerably lower than for RO. Elimination of DBPs and DBP precursors in drinking water treatment by NF has been frequently shown in recent years (e. g. Kimura et al. 2003; de la Rubia et al. 2008) . Due to the different nature of pool water and the complexity of the system (bather load, constant water circulation, load dependent chlorine oxidation reactions, load dependent chlorine dosage and elevated temperature), transfer of results regarding the prediction of treatment performance from drinking to SPWT is limited. Glauner et al. (2005) conducted fractionation experiments of swimming pool water in stirring cells and found a good DBP precursor elimination potential for NF membranes with a low MWCO. Different NF membranes are available with chlorine tolerance sufficient for SPWT according to DIN 19643, but the authors are not aware of any experiments which have been conducted on the performance of NF membranes under swimming pool water conditions.
The aim of this study was to evaluate the potential of NF in SPWT in lab-scale experiments and to apply the results to real pool situation. Three chlorine tolerant NF membranes were selected and compared concerning their treatment performance over a period of several weeks. Retentions of DBPs and DBP precursors were monitored regularly by means of AOX, THM and DOC measurements. A new calculation model is presented which is based on experimental results and a DOC mass balance which allows for the first time the prediction of pool water contamination for different load situations and treatment scenarios. The model calculation has been applied to two swimming pools with conventional treatment and model data have been compared with DOC on-line measurements over several weeks. To the authors knowledge no continuous measurements of the DOC profile in swimming pools have been done before.
MATERIALS AND METHODS

Experimental procedure and membrane characteristics
Because of the ever-changing bather load and the load dependent chlorine dosage, swimming pool water cannot be simulated realistically over a longer period of time (Barbot & Moulin 2008) . Therefore, a laboratory-scale crossflow plant consisting of eight flat sheet modules (Gorenflo et al. 2001) was installed in the treatment cycle of the university swimming pool (pool 1) after flocculation and sand filtration. Three chlorine tolerant NF membranes were tested in parallel. 
Analytical methods
Dissolved organic carbon analysis
A TOC (total organic carbon)-analyzer Sievers 820 PMT (Ionics instruments, Boulder, Colorado USA) was installed in a public indoor swimming pool (pool 2) to measure the organic load of the children's pool (V ¼ 9 m 3 ) continuously over a period of several weeks. The water treatment consisted of flocculation-sand filtration-chlorination and also served the non-swimmer's pool (V ¼ 150 m 3 ). For validation of the calculation model, the on-line TOC measurement was installed in another swimming pool (pool 3). This has been a school bath consisting of a single pool (240 m 3 ). The treatment system comprised flocculation-sand filtrationchlorination. The hydraulic operation was arranged with a lengthwise water flow through the pool. The volume of tap water, added daily as filling water after closing of the bath, was monitored. Attendance was counted at least in two-hour intervals by the teachers and life guards. During training lessons, each pupil was counted once for every 45 min lesson. TOC concentrations were measured each 6 minutes and were averaged over 30 minutes for model validation. In repeated experiments, 0.4 mm filtration of swimming pool water did not show significant changes in TOC concentration. Hence, TOC is referred to as DOC below.
Laboratory analysis
Pool water quality and NF treatment performance were characterized repeatedly by DOC, THM and AOX measurements. Directly after sampling free chlorine was scavenged by the addition of sodium thiosulfate. DOC was measured with a TOC-analyzer Sievers 820 PMT (Ionics instruments, Boulder, USA). AOX was determined by a TOX analyzer Euroglas ECS 1200 (Thermo Electron GmbH, Dreieich, Germany) according to EN ISO 9562. THM analysis was conducted by headspace sampling capillary gas chromatography with electron capture detection (HP 6890, Agilent Technologies, Santa Clara, USA). Figure 1a ) shows a simplified scheme of the pool and treatment system as it was applied for the calculation of DOC accumulation in the pool. Q FW , Q Ex and Q TM are the flow rates of fresh water, exchange water and treatment water, respectively, and L B is the load introduced into the pool by swimmers. Based on bathtub experiments, Carlson & Haesselbarth (1972) estimated 1.1 g DOC to be brought into a swimming pool per bather. Likewise, Glauner (2007) calculated an average DOC introduction of 1.09 g per person from 81 samples of 2 outdoor swimming pools. Hence, L B, DOC was set to 1.1 g per person in the following calculations. Both DOC removal in water treatment and oxidation reactions of the organic substances with chlorine were considered as overall DOC elimination and were included into the calculations as first order reaction Glauner 2007) :
Estimation of DOC accumulation in the pool
where r DOC is the time dependent DOC mass concentration in the pool and k is the rate factor calculated from the treatment efficiency according to Equation 2:
In equation (2), V pool is the total water volume in the system and X DOC is the DOC elimination rate in the treatment system during one passage in percent. Under the assumption that the water volume brought into the swimming pool by the bathers and the water loss due to evaporation is negligible in comparison to Q FW (minimum 30 L per bather according to DIN 19643), a water mass balance for pool and treatment system (Figure 2 ) results in
With Equations (1) and (3), the respective DOC mass balance can be written as
After integration, the time dependent DOC concentration in the pool results in:
For the two investigated swimming pools with conventional treatment system, k was fitted based on over night online DOC measurements according to Equation (6):
(no bathers and no water exchange over night).
Before simulation of DOC accumulation in UF-NF treatment scenarios, k was calculated from Equation (2) under the assumption that DOC removal in UF is negligible in comparison to NF.
RESULTS AND DISCUSSION
DOC on-line measurements DOC measurements with high time resolution were practically on-line performed in a children's pool in which DBP concentrations (as combined chlorine, measured daily by pool operators) were known to exceed the threshold value frequently (0.2 mg L À1 , DIN 19643). Figure 2 shows the changes in DOC concentration during an 8 day period of high attendance.
The mean (2.63) and the median (2.59 mg L À1 ) DOC concentrations during the evaluation period both exceeded the DOC concentration of filling water (tap water, 0.83 mg L À1 ) approximately threefold. A distinct variation of DOC concentration was observed in the course of each day with a significant increase in the DOC concentration during the opening hours of the swimming pool. Average DOC concentration increased from day 1 to 5 due to high attendance and, consequently, concentration of combined chlorine (Cl, comb) considerably exceeded the threshold value of 0.2 mg L À1 (DIN 19643) from day 3 to day 9. Additional fresh water was added on day 5 which resulted in a significant decrease of the DOC concentration. However, neither DOC nor combined chlorine concentrations could be reduced to their initial values by the dilution. Similar results were obtained for other measurement periods ( Figure 5) .
The results of the DOC on-line measurements show the limitations of conventional pool water treatment, which is not capable to remove DBP precursors adequately during periods of high attendance. Advanced treatment steps like ozonation and adsorption on activated carbon have been proven to provide higher water quality by enhanced DBP and DBP precursor elimination (Glauner et al. 2005a; Barbot & Moulin 2008) but may cause high investment and operational costs for the pools. In the following, NF will be presented as an alternative process for advanced SPWT.
Model validation
The model calculation described earlier has been validated by DOC on-line measurements which have been performed in a school bath consisting of a single pool (pool 3). The calculated DOC concentrations according to Equation 5 have been compared with measurement results. Attendance and water addition were included into the calculation with a dead time of 2 hours for mixing of the system. The rate factor k for the DOC elimination of the treatment system was determined by fitting the calculated DOC decline (Equation 6) to the measured DOC night data (25 nights, 1 to 8 am, one point each 30 minutes, 350 data points) via minimization of the sum of square errors. The fit resulted in k ¼ 0.0037 h À1 with a sum of squared residuals of 0.35 mg 2 L À2 Á k is linked to the DOC elimination rate during one passage through the treatment (X DOC ) according to Equation 2. X DOC can be calculated to 0.9% for the given k, Q TM and V pool . For higher treatment efficiencies, typical rate factors k are expected in the rage between 0.04 h À1 and 0.47 h À1 , if X DOC values are assumed between 10% and 90%. Figure 3 (a) shows the DOC data, the corresponding calculated curve and the residuals over a period of 9 days. Figure 3 (b) shows the parity plot. The tendency of DOC accumulation was well represented by the calculation. Maximum deviations were 0.14 and À0.26 mg L À1 upwards and downwards, respectively. Similar results were obtained for other periods of 7 to 10 days.
An overestimation of DOC concentration may result from an underestimation of treatment efficiency in periods of high attendance. A high concentration of organic substance in the pool leads to a higher chlorine consumption due to oxidation processes, which is compensated by an increased chlorine dosage. This results in an increase of DOC elimination, which was not included into the calculation. Accordingly, the slope of the measured DOC elimination was steeper than calculated e.g. between hour 36 and 46. At several points the bathers load brought into the water was underestimated, possibly due to a higher physical effort of the attendees during a training lesson.
It has been shown that Equation 5 is suitable to estimate the DOC concentration for a given attendance scenario and treatment efficiency although an exact simulation of DOC concentrations over a longer period fails due to the high dynamics of the bather load and due to oxidation reactions as a result of higher chlorine dosages.
Retention of DBPs and DBP precursors
The lab scale NF experiments have been done in parallel to the conventional treatment of a university swimming pool. DOC, AOX and THM concentrations in feed and permeates of the three different membranes were measured five times during the experimental period to compare the membranes' DBP and DBP precursor retention performance. Additionally, membrane integrity after several weeks of swimming pool water filtration and the influence of fouling on retention have been examined. Figure 4 shows the retentions of DOC (a), AOX (b) and THM (c). Since filtration experiments have been performed in a real pool water environment and NF feed concentrations varied according to the pool water quality, NF feed concentrations for each sampling are given in Table 2 . Feed concentrations of DOC and THM at 3.1 mg L À1 and 19 mg L À1 varied with coefficients of 7 and 22%, respectively. AOX concentration, on the other hand, constantly increased from the first to the last campaign.
A slight increase in DOC and AOX retention with increasing feed concentration could be observed for the membranes SB90 and NP030. For NP030, this effect seems to be overlaid by an increase of retention with filtration time which was probably caused by membrane fouling. Fouling was observed to be strongest for NP030 via flux measurements and fouling layer analysis (not shown). Likewise, the retention of cations (not shown) remained constant over time for SB90 whereas an increase in Ca 2 þ , Mg 2 þ , Sr 2 þ and Si retention was observed for NP030 from the first to the fifth sampling. Previous studies showed that fouling layers can act as an additional separation barrier and can improve retention significantly especially in the case of less dense NFmembranes (Nghiem & Hawkes 2007) . For XN45, retention of DOC, AOX and cations (not shown) decreased after 220 h of filtration. Thus, it seems that XN45 does not tolerate filtration under pool water conditions, probably due to the constant chlorine exposure. Although the maximum concentration of active chlorine (sum of free and combined chlorine) according to DIN 19643 (0.8 mg L À1 ) should not exceed the chlorine tolerance indicated for the membrane by the manufacturer, chlorine concentrations in swimming pools temporarily can be considerably higher and could affect the membrane integrity. Table 3 shows the concentrations of free and total chlorine in the swimming pool at selected days with high chlorine concentrations during a period of five months (data from the pool operator's log book). On several days, the concentrations measured in the pool exceeded 1.0 mg L À1 , which was the chlorine tolerance indicated for the membranes XN45 and SB90 by the manufacturer. However, during the experiments performed in this study, SB90 offered a chlorine tolerance sufficient for pool water treatment over the given experimental period.
Based on national regulations, chlorine concentrations in most German swimming pools are significantly lower compared to other countries (e. g. the US). Consequently, in pools with high chlorine concentrations XN45 membranes should not be used for SPWT without prior chlorine reduction. THM retention was above 68% for the three investigated membranes in the beginning of the experiment and decreased strongly afterwards. Since THM consisted mainly (4 95%) of chloroform (molecular mass M ¼ 119 g mol À1 ), little retention was expected. The high initial retention could be caused by adsorption to the polymer material of the membrane or the tubing and points out the necessity of long-term tests with equilibrated systems to avoid an overestimation of retention. Summarized, the membranes SB90 and NP030 have been proven to efficiently remove DOC and AOX in SPWT over a period of 22 days. The removal of AOX is especially important as it mainly consists of unknown compounds which can be harmful and persistent substances or act as precursors for lower molecular weight DBPs like THMs, haloacetic acids or other oxidation products with possible adverse health effects. In a study conducted by Glauner et al. (2004) , an increase of average DOC concentration because of high visitor attendance was observed in a public swimming pool with a conventional treatment system. The increase in DOC concentration caused a time-shifted multiplication of AOX and THM concentrations. THM concentration reached its maximum after 3 days on a day with very low attendance and did not decrease during the following 24 hours (Zwiener et al. 2007) . Taking into account the time delay in THM formation, a fast removal of DOC and AOX from the treatment system can also be expected to significantly reduce THM concentrations in the swimming pool in and after periods of high attendance despite the low removal of THM molecules itself. To provide a load-dependent removal and to reduce the costs for water and energy we propose a treatment system consisting of UF (full flow) with backwash water treatment and a variable additional NF flow which is adjusted to attendance (Figure 1b) .
Load estimation for a public swimming pool under different treatment scenarios
Before moving to a new treatment technique like NF for pool water treatment an evaluation of the treatment efficiency is needed. A calculation of load accumulation and water consumption was performed in order to compare the application of UF and NF with the conventional children's and nonswimmer's pool treatment system in a public swimming facility (pool 2). The application of UF prior to NF provides increased hygienic safety compared to sand filtration due to the complete removal of microorganisms. Backwash water treatment was considered for the UF-NF treatment system. Another possibility to reduce the water exchange would be to reduce the flow rate of the treatment cycle (Q TM ). In Germany, this is actually controversially discussed relating to the planned extension of DIN 19643. According to supporters, reduction of Q TM is justified because of the better treatment efficiency of UF concerning particle and MO removal in comparison with sand filters (SF). However, adequate mixing for chlorine dispersal has to be ensured for each pool. Figure 1b shows a scheme of the UF-NF treatment system as applied for the load estimation. To minimize the water and energy costs resulting from its application, NF is planned to be used continuously only for backwash water treatment. An additional, variable split flow can be adjusted to attendance. The parameters varied during the calculations are Q TM and y NF , the proportions of the UF permeate passed through additional NF. In the calculations, a total recovery of 98% was assumed for each UF stage. Water consumption was assumed to be equal to the sum of NF concentrate (NF recovery: 80%) and backwash water from the second UF stage for the UF-NF treatment and to the SF backwash water (40 m 3 , three times a week in pool 2) for conventional treatment. Water consumption in both cases exceeds the fresh water input of 30 L per bather required by DIN 19643. In reality, water consumption for the public children's and non-swimmer's pool was considerably higher than the amount of SF backwash water, e. g. due to enhanced fresh water addition for dilution purposes (Figures 2 and 5) . No separated load and attendance data were available for the investigated children's and non-swimmer's pools (pool 2). Hence, the attendance scenario was designed by fitting daily visitor numbers to the on-line DOC data measured in the children's pool over a period of 18 days under the assumption of a normal distribution of attendance during the opening hours of the bath (Figure 5a ). The obtained attendance scenario was hence applied for the load estimation for UF-NF treatment, too. The rate constant k obtained for conventional treatment by fitting the DOC over various nights of the measurement period was k ¼ 0.0096 h À1 (for comparison pool 3: 0.0037 h À1 ). Since the calculated DOC elimination rates X DOC were similar for pool 2 and pool 3 (0.8% and 0.9%), the differences between the respective k values are mainly due to different Q TM /V pool ratios (Equation 2). For UF-NF treatment, DOC was assumed to be only eliminated during NF with a retention of 70% (SB90, Figure 3a) . The rate constant k was dependent on the NF split flow y NF Á Q TM (Equation 2). Table 4 compares the calculated water consumption as well as the mean, median, minimum and maximum DOC concentrations for different treatment scenarios. Assuming the same Q TM , water consumption of the UF-NF treatment system is always higher than backwash water consumption of the given conventional treatment system (480 m 3 h À1 ). However, even 820 m 3 per month do not exceed the amount of fresh water actually fed into the conventional treatment cycle by the pool operator (monthly approx. 1000 m 3 ). Figure 5a ; 2) see Figure 5b A reduction of Q TM by 25% without an additional NF flow would reduce fresh water consumption significantly, but would lead to a higher average DOC concentration and to a higher expected DBP formation. An additional NF of 0.2% of Q TM would significantly improve water quality. Hereby, limitation of additional NF operation to the opening hours of the bath (8 am to 10 pm) will cause little changes regarding DOC concentration and water consumption. Linking the NF split flow to the number of bathers results in a considerably lower variation around the average DOC concentration. Figure 5b shows the DOC on-line data in comparison with the calculated DOC accumulation for UF-NF treatment with y NF ¼ 0.002 times the number of visitors and Q TM, NF ¼ 0.75 Á Q TM, SF . Lowering the DOC peak concentrations in periods of high attendance would not only lead to a considerably decreased chlorine demand but also to a significantly decreased DBP formation and hence to a significantly improved water quality. A reduction of Q TM by 50% like it is planned to be included in DIN 19643, part 6 would result in a further decrease of water consumption or in a further improvement in water quality (when increasing y NF , Table 4 ).
Additional DOC removal can be expected in UF (depending on the selected membrane) and due to oxidation reactions of the residual DOC with chlorine. Both elimination pathways have not been included in the calculations and hence, conservative results were obtained. The actual DOC concentrations for a UF-NF treatment system can be expected to lie below the values presented in Table 4 . An optimization of UF and/or NF recovery may lead to a further decline of water and energy costs. These aspects both will be quantified in pilot tests which will be conducted on the basis of the results presented in this paper. Especially the application of NF in a load dependent variable flow in combination with backwash water treatment seems to be promising because of the lower water consumption and the adjusted elimination of highly concentrated DBP precursors which otherwise lead to a longterm increase of DBPs like AOX and THM.
CONCLUSIONS
In this work the advantages and challenges of the integration of nanofiltration into the treatment system of a public children's swimming pool were evaluated. Based on experimental results obtained with a bench scale crossflow plant, the accumulation of DOC as surrogate parameter for DBP precursors in the pool was estimated by a mass balance and compared with DOC online measurements for a pool with conventional treatment system. Stable high retentions of DBPs and DPB precursors were found for SB90 whereas for NP030 retention improved with filtration time. XN45, in contrast, showed limited tolerance to the constant chlorine exposure during SPWT. The results obtained for the DBP precursor elimination for the membrane SB 90 and a newly developed model calculation have been used for the simulation of the bather load for the combination of UF and NF (variable by-pass) with backwash water treatment. Results show that the implementation of chlorine tolerant NF membranes in SPWT will 1) significantly reduce the concentrations of DBPs and DBP precursors in the swimming pool, 2) significantly reduce the fresh water consumption when applied in combination with a UF-NF backwash water treatment system, and 3) significantly reduce the chlorine consumption because of the lower concentrations of DBP precursors and because of the lower chlorine demand during membrane filtration in comparison to sand filtration or adsorption on activated carbon. From an economic perspective it is recommended to operate the NF with a variable NF flow depending on pool attendance. This approach provides the possibility to reduce DBP precursors based on individual needs in line with reasonable water consumption.
Since the presented calculations are not able to foresee the full dynamics of a swimming pool system, a validation by large-scale experiments treating an entire pool by UF and NF over a period of several months is recommended. Points of particular interest would be e.g. the accumulation of low molecular weight DBPs like THM and combined chlorine in the pool as well as the effective total water consumption and the necessary operating and heating costs.
